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SYNTHESIS OF ANHYDRIDE CONTAINING
POLYMERS BY MICROWAVE RADIATION

RELATED APPLICATIONS

This application claims priority under 35 U.S.C. §119(e)
from U.S. Provisional Application Ser. Nos. 60/636,643 filed

Dec. 16, 2004 and 60/709,162 filed Aug. 18, 2005, which are
incorporated herein by reference.

BACKGROUND

Polyanhydrides have emerged as an important class of
biodegradable polymers. Polyanhydrides have found wide-
spread application in the controlled delivery of drugs, pro-
teins, and vaccines. The conventional method of synthesizing,
polyanhydrides 1s by melt polycondensation of acetylated
dicarboxylic acid prepolymers. This method affords high-
molecular-weight polymers with good yields. Melt conden-
sation polymerizations, however typically take about 1 to 3
hours to conduct. Additionally, the preparation and 1solation
ol the acetylated prepolymer can take up to four days, includ-
ing drying time and recrystallization.

Purity 1s an important consideration of polyanhydrides
because these biocompatible polymers are often used for
in-vitro and 1n-vivo studies. In this age of rapid drug discov-
ery and advances 1n protein and macromolecular therapies,
determining the correct polymer system and compositions are
of the utmost importance to effectively stabilize the target
drug. Therefore, there 1s considerable interest in the efficient
synthesis of high-purity materials 1n a high throughput man-
ner for material library screening. The rapid synthesis of
some polymers through the use of microwave radiation and
dielectric heating has been described 1n the literature (see for
example, K. R. Carter, Macromolecules, 2002, 35, 6737).
However, improved methods are needed to prepare high
purity samples ol polyanhydrides from diacids. New methods
to prepare high purity polyanhydrides are also needed.

SUMMARY

The invention provides a method for preparing a polyan-
hydride that includes irradiating one or more diacids, wherein
the one or more diacids include an aromatic dicarboxylic
acid, an aliphatic dicarboxylic acid, or a mixture thereot, with
microwave radiation 1n the presence of a carboxylic anhy-
dride so as to acylate one or more diacids to yield at least one
prepolymer; and irradiating the prepolymer with microwave
radiation so as to polymerize said prepolymer to yield the
polyanhydride, as a homopolymer or a copolymer.

The prepolymers are made up of dicarboxylic acids (“diac-
1ds”) that are acylated at both acid moieties. A prepolymer can
be a single acylated diacid unit (monomer), or it can have up
to about 12 condensed diacid units. A mixture of different
diacids can be employed. The mixture of diacids can yield a
random copolymer. The one or more diacids can include a
diacid-substituted C,-C, , straight or branched chain alkane
that 1s optionally interrupted by about 1 to about 5 —Ph—,

O—, —CH—CH—, and/or —N(R)— groups wherein R 1s
H, phenyl, benzyl, or (C,-C,)alkyl. The one or more diacids
can also be optionally iterrupted by about 1 to about
12-OCH,CH,O— groups. The one or more diacids can also
be optionally substituted with 1, 2, or 3 trifluoromethyl, trii-
luoromethoxy, (C,-C,)alkyl, (C,-Cj)alkenyl, or oxo groups,
or combinations thereof.

The at least one diacid can be a 1,m-bis(carboxy)alkane.
The at least one diacid can also be a 1,m-bis(4-carboxyphe-
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noxy)alkane. The alkane can be, for example, a (C;5-Cy)al-
kane. Specific examples of the alkane include hexane and
octane. The diacid can be 1,6-bis(4-carboxyphenoxy)hexane.
Alternatively, the diacid can be 1,6-bis(carboxy)octane (se-
bacic acid).

The at least one prepolymer can include a bis(carboxylic
acid acetyl ester), or an anhydride oligomer thereof. The at
least one prepolymer can also include a 1,w-(4-acetoxycar-
bonylphenoxy)alkane, or an anhydride oligomer thereof.

The prepolymer can be formed in situ by irradiating a
mixture of (a) a carboxylic anhydride and (b) the aromatic
dicarboxylic acid, the aliphatic dicarboxylic acid, or the mix-
ture thereof, with an amount of microwave radiation effective
to form the prepolymer.

The carboxylic anhydride can be a bis-alkyl carboxylic
anhydride, a bis-aryl carboxylic anhydride, an alkyl-aryl car-
boxylic anhydride, or amixture thereof. The carboxylic anhy-
dride can be, for example, acetic anhydrnide, trifluoroacetic
anhydride, or benzoic anhydride. A molar excess of the car-
boxylic anhydride can be employed. Excess carboxylic anhy-
dride can be removed after the prepolymer has formed.

The radiation polymerization can be conducted 1n the pres-
ence of an effective amount of a catalyst. The catalyst can
include glass beads. The irradiation of the prepolymer or
prepolymer mixture can be carried out 1n the absence of
solvent. The irradiation of the carboxylic anhydride and the
aromatic dicarboxylic acid, the aliphatic dicarboxylic acid, or
the mixture thereol, can also be carried out 1in the absence of
solvent.

The mvention also provides a method for preparing a poly-
anhydride by irradiating a prepolymer with microwave radia-
tion so as to polymerize the prepolymer to yield the polyan-
hydride, as a homopolymer or a copolymer.

The mvention further provides a method for preparing a
polyanhydride that includes 1rradiating one or more diacids,
wherein the one or more diacids include a 1,w-bis(carboxy)
alkane, a 1,w-bis(carboxyphenoxy)alkane, or a mixture
thereof, with microwave radiation 1n the presence of acetic
anhydride so as to acylate one or more diacids to yield at least
one prepolymer, wherein the prepolymer 1s formed 1n situ by
employing a molar excess of the acetic anhydride;

removing excess acetic anhydride after the prepolymer 1s
formed; and

irradiating the prepolymer with microwave radiation so as
to polymerize said prepolymer to yield the polyanhydride, as
a homopolymer or a copolymer.

The polyanhydnides prepared by microware radiation tech-
niques are typically of high purity. The polyanhydrides can be
greater than about 99% pure as determined by NMR spec-
troscopy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates monomer sequence length as a function
of copolymer composition in poly(CPH-co-SA) polymerized
both conventionally (as described by Ron et al. Macromol-
ecules 1991, 24, 2278) and by microwave heating, as
described herein; legend: —n units of sebacic acid (as pre-
pared by Ron et al.), =—nunits of 1,6-b1s-(p-carboxyphenoxy)
hexane (as prepared by Ron et al.), -n units of sebacic acid
(prepared by microwave polymerization), ~-n units of 1,6-
bis-(p-carboxyphenoxy)hexane (prepared by microwave
polymerization).

DETAILED DESCRIPTION

The {following definitions are used, unless otherwise
described. Specific and preferred values listed below for radi-
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cals, substituents, and ranges, are for illustration only; they do
not exclude other defined values or other values within
defined ranges for the radicals and substituents. Alkyl,
alkoxy, alkenyl, etc. denote both straight and branched
groups.

The group “alkyl” refers to a linear or branched hydrocar-
bon radical or diradical that 1s optionally unsaturated and
optionally substituted with functional groups as described
herein. The alkyl group can contain 1 to about 20 carbon
atoms. Typical alkyl groups include, but are not limited to,
methyl, ethyl, propyl, 1sopropyl, butyl, 1so-butyl, sec-butyl,
tert-butyl, pentyl, 3-pentyl, hexyl, heptyl, octyl, or decyl. In
one embodiment, alkyl 1s preferably (C,-C,)alkyl. In another
embodiment, alkyl 1s preterably (C,-C,)alkyl.

In an embodiment where the alkyl group 1s unsaturated, the
alkyl 1s an alkenyl group or an alkynyl group. Alkenyl can be,
for example, wvinyl, 1-propenyl, 2-propenyl, 1-butenyl,
2-butenyl, 3-butenyl, 1-pentenyl, 2-pentenyl, 3-pentenyl,
4-pentenyl, 1-hexenyl, 2-hexenyl, 3-hexenyl, 4-hexenyl, or
S-hexenyl. The alkenyl can be unsubstituted or substituted.
Alkynyl can be, for example, ethynyl, 1-propynyl, 2-propy-
nyl, 1-butynyl, 2-butynyl, 3-butynyl, 1-hexynyl, 2-hexynyl,
3-hexynyl, 1-octynyl, and the like. The alkynyl can be unsub-
stituted or substituted.

As used herein, “aryl” refers to an aromatic hydrocarbon
derived from a parent aromatic ring system. The aryl can be
linked to another group at a saturated or unsaturated carbon
atom of the parent ring system. The aryl group can have 6 to
about 14 carbon atoms. The aryl group can have a single ring
(e.g., phenyl) or multiple condensed (fused) rings, wherein at
least one ring 1s aromatic (e.g., naphthyl, dihydrophenanthre-
nyl, tfluorenyl, or anthryl). Typical aryl groups include, but are
not limited to, radicals derived from benzene, naphthalene,
anthracene, biphenyl, and the like. The aryl can be unsubsti-
tuted or substituted as described herein.

The term “halo” refers to fluoro, chloro, bromo, and 10do.
Similarly, the term “halogen™ refers to fluorine, chlorine,
bromine, and 1odine.

“Substituted™ 1s intended to indicate that one or more (e.g.,
1,2, 3,4, or 5;1n some embodiments 1, 2, or 3; and 1n other
embodiments 1 or 2) hydrogen atoms on the group indicated
in the expression using “substituted” 1s replaced with a selec-
tion from the substituents described hereinbelow, or with a
suitable group known to those of skill 1n the art, provided that
the indicated substituted atom’s normal valency i1s not
exceeded, and that the substitution results in a stable com-
pound. Suitable substituent groups include, e.g., alkyl, alk-
enyl, alkynyl, alkoxy, halo, haloalkyl, hydroxy, hydroxyalkyl,
aryl, heteroaryl, heterocycle, cycloalkyl, alkanoyl, alkoxy-
carbonyl, amino, alkylamino, dialkylamino, trifluorometh-
ylthio, acylamino, nitro, difluoromethyl, trifluoromethyl, tri-
fluoromethoxy, carboxy, carboxyalkyl, keto, thioxo,
alkylthio, alkylsulfinyl, alkylsulfonyl, and cyano. The suit-
able substituent groups can also include, e.g., —X, —R,
—OR,—SR,—NR,,—NR,;,=—=NR, —CX;,—CN,—OCN,
—SCN, —N—C=—=0, —NCS§, —NO, —NO,, —N,, —N,,
NC(=0O)R, —C(=0)R, —C(=0O)NRR, —S(=0),0H,
—S(=0)R, —S(=0),R, —OS(=0),0R, —S(=—0),NR,
—OP(=O)(OR),, —P(=O)OR),, —P(=O)OH),
—C(=0)R, —C(=0)X, —C(S)R, —C(O)OR, —C(S)OR,
—C(O)SR, —C(S)SR, —C(O)NRR, —C(S)NRR, —C(NR)
NRR, where each X 1s independently a halogen (“halo™): F,
Cl, Br, or I; and each R 1s independently H, alkyl, aryl,
heterocycle, or a protecting group; or cations or anions
thereol. As would be readily understood by one skilled 1n the
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art, when a substituent 1s keto (1.e., —0O) or thioxo (1.e., =8),
or the like, then two hydrogen atoms on the substituted atom
are replaced.

As to any of the above groups that contain one or more
substituents, it 1s understood, of course, that such groups do
not contain any substitution or substitution patterns which are
sterically impractical and/or synthetically non-feasible. In
addition, the compounds of this invention include all stere-
ochemical 1somers arising {from the substitution of these com-
pounds.

The terms “stable compound” and “stable structure™ are
meant to indicate a compound that 1s sufficiently robust to
survive 1solation to a useful degree of purity from a reaction
mixture, and formulation into an efficacious therapeutic
agent. Only stable compounds are contemplated by and
employed 1n the present invention.

As used herein, a “diacid” refers to any group that contains
two carboxylic acid (—C(=0)OH) groups. The diacid can
be an aliphatic dicarboxylic acid or an aromatic dicarboxylic
acid. An aliphatic dicarboxylic acid 1s any alkyl group that 1s
substituted with two (or more) carboxylic acid groups. An
aromatic dicarboxylic acid 1s any compound that contains an
at least one aryl group and two (or more) carboxylic acids.
The two carboxylic acid groups can be on the same aryl group
or they can be on different aryl groups. When the two car-
boxylic acid groups are on different aryl groups, the aryl
groups can be linked by a single bond, or then can be linked
by other groups, for example, an alkyl group. The alkyl group
linking the aryl groups can be optionally substituted and
optionally mterrupted between carbons with other groups as
defined herein.

As used herein, “polymer” refers to a molecule of one or
more repeating monomeric residue units covalently bonded
together by one or more repeating chemical functional
groups. The term 1ncludes all polymeric forms such as linear,
branched, star, random, block, graft and the like. It includes
homopolymers formed from a single monomer, copolymers
formed from two or more monomers, terpolymers formed
from three or more polymers and other polymers formed from
more than three monomers. Differing forms of a polymer may
also have more than one repeating, covalently bonded func-
tional group.

As used herein, “polyanhydride” refers to a polymer that 1s
derived from the condensation of carboxylic acids or car-
boxylic acid dervatives such that repeating units of the poly-
anhydride are linked by anhydrnde (—C(=0)—0—C
(=0O)—) groups.

As used herein, “carboxylic anhydrnide™ refers to a com-
pound that contains an anhydrnide (—C(=0)—0—C
(—0O)—) group. A carboxylic anhydride typically contains
only one anhydride group per molecule. Carboxylic anhy-
drides can be formed by the condensation of two carboxylic
acids. Carboxylic anhydrides that can be used in conjunction
with the methods described herein include bis-alkyl carboxy-
lic anhydrides, bis-aryl carboxylic anhydrides, and mixed
anhydrides. Examples include, but are not limited to acetic
anhydride, trifluoroacetic anhydride, and benzoic anhydride.
Mixed anhydrides can also be employed, such as acetic ben-
zoic anhydride, which 1s the condensation product of acetic
acid and benzoic acid.

As used herein, an *“‘acyl” group i1s a group, such as a
(C,-C,)alkyl group, that terminates 1n a carbonyl radical.

As used herein, an “acyloxy” group 1s a group, such as a
(C,-C,)alkyl group, that terminates in a carboxyl radical.

As used herein, “acylated” refers to the conversion of a
hydroxyl group into an acyloxy group. Acylation can be car-
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ried out by contacting a hydroxyl group or hydroxyl-contain-
ing group with a carboxylic anhydride.

As used herein, a “prepolymer’” 1s a monomer, oligomer, or
mixture thereof that can be converted into a polymer. Diacid
prepolymers are typically acylated on their terminal carboxy
groups. A prepolymer can be, for example, a bis(carboxylic
acid acetyl ester), or an anhydride oligomer thereof. In
another embodiment, a prepolymer can be a 1,m-(4-acetoxy-
carbonylphenoxy)alkane, or an anhydride oligomer thereof.
The phenoxy group of the 1,m-(4-acetoxycarbonylphenoxy)
alkane can have ortho, meta, or para substitution patters.

Asused herein, a “homopolymer” 1s a polymer that 1s made
up of repeating units of one type of monomer.

As used herein, a “copolymer” 1s a polymer that 1s made up
of repeating units of two or more different types ol mono-
mers. In a random copolymer, the organmization of the repeat-
ing units 1s random.

As used herein, “microwave radiation” refers to electro-
magnetic waves with wavelengths longer than those of infra-
red light, but shorter than those of radio waves. Microwaves
have wavelengths approximately in the range of about 30 cm
(frequency=1 GHz) to about 1 mm (300 GHz). The micro-
wave range include ultra-high frequency (UHF) (0.3-3 GHz),
super high frequency (SHF) (3-30 GHz), and extremely high
frequency (EHF) (30-300 GHz) signals. As used herein, “irra-
diating” refers to exposing a sample to electromagnetic
waves.

General Methods for Polyanhydride Synthesis

Novel methods of preparing polyanhydrides are described
herein. Commercial diacids can be used as precursors for
preparing prepolymers and the polyanhydrides. Techniques
well known to those of skill 1n the art can also be used to
prepare diacids for prepolymer and polyanhydride prepara-
tion. Many such techniques are well known 1n the art. Many of
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these known techniques are elaborated in Compendium of 40

Organic Synthetic Methods (John Wiley & Sons, New York),
Vol. 1, Ian T. Harrison and Shuyen Harrison, 1971; Vol. 2, Ian
T. Harrison and Shuyen Harrison, 1974; Vol. 3, Louis S.
Hegedus and Leroy Wade, 1977; Vol. 4, Leroy G. Wade, Ir.,
1980; Vol. 3, Leroy G. Wade, Jr., 1984; and Vol. 6, Michael B.
Smith; as well as in March, J., Advanced Organic Chemistry,
3rd Ed., (John Wiley & Sons, New York, 1985), Comprehen-
sive Organic Synthesis; Selectivity, Strategy & Efficiency in
Modern Organic Chemistry, 1n 9 Volumes, Barry M. Trost,
Ed.-in-Chief (Pergamon Press, New York, 1993 printing), and
Richard. C. Larock, Comprehensive Organic Transforma-
tions, 2 Ed., (Wiley-VCH, New York, 1999).

A number of examples of methods for the preparation of
polyanhydrides are provided below. These methods are
intended to 1llustrate the nature of such preparations are not
intended to limit the scope of applicable methods.

Methods of Preparing Prepolymers

Microwave heating 1s a good candidate for high throughput
synthesis of polymers because 1t can provide an increased rate
of heating as a result of improved internal heating 1n com-
parison to conductive o1l bath heating. Moreover, a number of
microwave polycondensation reactions have appeared 1n the
literature with the ability to produce high-molecular-weight
polymers without employing vacuum to remove condensa-

45

50

55

60

65

6

tion by-products. However no attention has been given to the

synthesis of polyanhydrides by microwave heating.

A standard commercial microwave can be used to irradiate
the polyanhydride precursors, including both diacids and pre-
polymers. The standard frequency of a typical microwave
oven that can be emploved 1s 2.45 GHz, corresponding to
about 12.2 cm wavelength of electromagnetic radiation. The
microwave heating of reactions can decrease reaction time
and can obtain higher yields than those obtained from the
conventional heating, such as 1n an o1l bath.

Prepolymer preparation typically results in a polydisperse
material. Acylated prepolymers will typically have from 1 to

about 12 monomeric units. Accordingly, a di-acylated dicar-
boxylic acid monomer can be a prepolymer. Also, an acylated
anhydride oligomer can function as a prepolymer. Prepoly-
mers prepared from aliphatic carboxylic acids typically
results in longer oligomers than those prepared from aromatic
carboxylic acids. In the prepolymer preparation process, the
diacids are refluxed 1n acetic anhydride until the diacids dis-
solve. Aliphatic carboxylic acids tend to trans-acylate at a
faster rate than the aromatic carboxylic acids, thus resulting 1n

a higher content of oligomeric prepolymers than 1n the case of
aromatic precursors.

When forming the prepolymer from diacids, a molar
excess of a carboxylic anhydride can be employed. A molar
excess 1s defined as more than one equivalent of carboxylic
anhydride per carboxylic acid moiety present in the diacids.
The excess carboxylic anhydride can be removed from the
reaction vessel after the prepolymer has formed. One method
of removing the excess carboxylic anhydride 1s to pass a
suitable gas (such as nitrogen or argon) over the reaction
vessel. This 1s typically done when the reaction vessel 1s still
hot from the prepolymer formation process. Additional heat-
ing and/or vacuum may be used to aid 1in the removal process.
Acetic acid formed 1n the reaction can also be removed by
these techniques. Alternatively, the prepolymer can be
removed from the reaction vessel and 1solated by standard
techniques, such as subjecting the reaction mixture to evapo-
ration on a rotary evaporation device.

A catalyst can be used to facilitate the formation of the
prepolymer. One example of a suitable catalyst 1s glass beads.
The formation of the prepolymer and the polyanhydride can
be carried out in the absence of any solvent.

A wide range of suitable diacids can be employed to pre-
pare polyanhydrides. The diacid can be a diacid-substituted
straight or branched chain alkane that i1s optionally inter-
rupted by about one to about five —Ph—, O—,
—CH—CH—, and/or —N(R)— groups wherein R 1s H,
phenyl, benzyl, or (C,-Cy,)alkyl. In one embodiment, the
alkane 1s preferably C,-C,,(alkyl). In another embodiment,
the alkane 1s preferably C,-Cg(alkyl). Additionally, the
alkane group of the diacid can be optionally iterrupted by
about 1 to about 12 —OCH,CH,O— groups, for example, a
poly(ethylene glycol) segment. The alkane group can also be
optionally substituted with one, two, or three (C,-Cj)alkyl,
(C,-Cylalkenyl, trifluoromethyl, trifluoromethoxy, or oxo
groups; or combinations thereof.

In one embodiment, a prepolymer can be prepared as 1llus-
trated 1n Scheme 1.
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Scheme 1.
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wherein “organic group” 1s any organic group that can link
two carboxylic acid moieties, R 1s alkyl or aryl, and n1s 1 to
about 12. A molar excess of the carboxylic anhydride can be
employed. About 2 to about 30 molar equivalents of the
carboxylic anhydride can be used. Alternatively, about 3 to
about 20 molar equivalents of the carboxylic anhydride can
be used. In one embodiment, 6 molar equivalents of the car-
boxylic anhydride are employed. In another embodiment, 18
molar equivalents of the carboxylic anhydrnide are employed.
The carboxylic anhydride can be, for example, acetic anhy-
dride, trifluoroacetic anhydride, benzoic anhydride, combi-
nations thereof, and/or derivatives thereof.

In another embodiment, a prepolymer can be prepared as
illustrated in Scheme 2.
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whereinnis 1 to about 12. Other carboxylic anhydrides can be
used to form the end groups of the prepolymer. The central
aliphatic group can optionally be substituted or interrupted as
described herein.

The diacid can also be a 1,w-bis(carboxy)alkane. As would
be recognized by one skilled 1n the art, alternative nomencla-
ture for a 1,mw-bis(carboxy)alkane 1s a 1,w-alkanedioic acid
that has two additional carbons 1n the alkane moiety com-
pared to the corresponding bis(carboxy)alkane.

In another embodiment, a prepolymer can be prepared as
illustrated in Scheme 3.

O

A

MICrowave
radiation
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wherem n 1s 1 to about 12. Carboxylic anhydrides other than
acetic anhydride can be used to form the end groups of the
prepolymer. The central aliphatic group, the aryl groups, or
both, can optionally be substituted, 1n any combination. The
central aliphatic group can also be interrupted as described
herein.

Accordingly, the diacid can be two aryl groups that are each
substituted with a carboxy group wherein the aryl groups are
linked by a straight or branched chain alkane that 1s optionally
interrupted by about one to about five —Ph— —O—,
—CH—/CH—, and/or —N(R)— groups wherein R 1s H,
phenyl, benzyl, or (C,-Cys)alkyl. In one embodiment, the
alkane 1s preferably C,-C,,(alkyl). In another embodiment,
the alkane 1s preferably C,-Cg,(alkyl). Additionally, the
alkane group linking the carboxylic acid-substituted aryl
groups can be optionally interrupted by 1 to about 12
—QOCH,CH,O— groups, for example, a poly(ethylene gly-
col) segment. The alkane group linking the carboxylic acid-
substituted aryl groups can also be optionally substituted with
one, two, or three (C,-Cj)alkyl, (C,-Cj)alkenyl, trifluorom-
cthyl, trifluoromethoxy, or oxo groups; or combinations
thereol.

The diacid can be a 1,m-bis(4-carboxyphenoxy)alkane. In
one embodiment, the alkane 1s a (C,-C, ;)alkane. In another
embodiment, the alkane 1s preferably C,-Cgq(alkyl). In certain
specific embodiments, alkane can be ethyl, propyl, butyl,
pentyl, hexyl, heptyl, octyl, and branched isomers thereof. In
one embodiment, the diacid 1s a 1,6-bis(4-carboxyphenoxy)
hexane. In another embodiment, the diacid 1s a 1,6-bis(car-
boxy)octane. Mixtures of any of these diacids can be used in
conjunction with the microwave {facilitated methods
described herein.

Methods of Preparing Polyanhydrides

Polyanhydrides can be prepared by irradiating a prepoly-
mer with a sufficient amount of microwave 1rradiation to
polymerize the prepolymer. A suificient amount ol micro-
wave radiation can typically be generated by a conventional
microwave oven set to 1100 Watts for about 1 to about 30
minutes. More often, a sufficient amount of microwave radia-
tion can be generated in about 1 to about 20 minutes. The
resulting polyanhydride can be a homopolymer or a copoly-
mer, depending on the nature of the prepolymer composition
used 1n the reaction.

A polyanhydride can also be prepared by forming a pre-
polymer 1n situ from diacids. The diacids can be converted
into prepolymers by 1rradiating diacids in the presence of a
carboxylic anhydride. The prepolymer can be prepared by, for
example, by 1rradiating a mixture of (a) a carboxylic anhy-
dride and (b) an aromatic dicarboxylic acid, an aliphatic
dicarboxylic acid, or a mixture thereof, with an amount of
microwave radiation effective to form the prepolymer. One
suitable carboxylic anhydride 1s acetic anhydride. Other suit-
able carboxylic anhydrides include, for example, trifluoro-
acetic anhydrnide and benzoic anhydride.

The terminal groups of polyanhydrides prepared according
to the methods described herein will typically have terminal
acyl groups. It 1s possible for some hydrolysis of the polyan-
hydrides to occur during the reaction or during the 1solation of
the polyanhydride. Thus, some terminal groups of such poly-
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anhydrides can be carboxylic acid groups. Accordingly, the
methods of the mvention include the preparation of polyan-
hydrides that terminate in acyl groups, carboxylic acid
groups, or combinations thereof.

In one embodiment, the polyanhydride can be prepared as
illustrated 1n Scheme 4.

Scheme 4.
rgani

O
O O 5
)J\ [s gmup]‘{
R O
07 R

1IC
microwave
radiation

0 0O 0 \ ,
)k [organic group] 4{ %/(
R O
O R

1

wherein “organic group’ 1s any organic group that links two
carboxylic acid moieties, R 1s alkyl or aryl, n1s 1 to about 12,
and m 1s about 5 to about 200.

In one embodiment, the polyanhydride can be prepared as
illustrated in Scheme 5.

Scheme 3.
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wherein n 1s 1 to about 12 and m 1s about 5 to about 200. In
other embodiments, m can be about 10 to about 100, or about
10 to about 50. As would be understood by one skilled 1n the
art, the value of m will typically be larger than the value of n.
End groups other than acetate can be used and the central
aliphatic group can be optionally substituted or optionally
interrupted, or both, as described herein.

In another embodiment, the polyanhydride can be prepared
as 1llustrated 1n Scheme 6.
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Scheme 6.
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wherein n 1s 1 to about 12 and m 1s about 5 to about 100. In
other embodiments, m can be about 10 to about 50, or about
15 to about 35. End groups other than acetate can be used and
the central aliphatic group, the aryl groups, or both, can
optionally be substituted, in any combination. The central
aliphatic group can also be optionally interrupted as
described herein.

EXAMPLES
(eneral Materials and Methods

Chemicals used were purchased from Sigma-Aldrich (St.
Louis, Mo.) with the exception of deuterated chloroform,
which was purchased from Cambridge Isotope Laboratories,
Inc (Andover, Mass.). Sebacic acid prepolymer and 1,6-bis-
(p-carboxyphenoxy) hexane (CPH) were prepared as
described by Conix (Macromol. Synth. 1966, 2, 93.).

Proton nuclear magnetic resonance (‘HH NMR) spectros-
copy was used to verily chemical structure and to determine
the degree of polymerization for each polymer and prepoly-
mer. NMR spectra were obtained on a Varian VXR 400 MHz
spectrometer (Varian Inc. Palo Alto, Calit.). All compounds
were characterized by 'H NMR in deuterated chloroform
(99.8% atom-d) and chemical shifts were calibrated to the
chloroform (0=7.26 ppm) peak. Microwave polymerizations
were conducted in a 1.1 cubic foot microwave oven

(JE1160WC, General Flectric) with maximum power of
1,100 watts.
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Belfore any experiments were conducted, the microwave
was calibrated for hot spots by moistening a large piece of
filter paper and placing 1t on the glass plate. The paper was
subjected to microwave radiation on high (1,100 Watts) for 15
minutes resulting in usable space (1.e., space not subject to hot

spot radiation) that was 8 inches 1n diameter. All reactions
were kept within this ring to keep field levels consistent.

Microwave experiments were broken down into two
classes: first, reactions of prepolymer to directly produce
polyanhydrides (Example 1); and second, in situ formation of
prepolymer from diacid and polymerization in the microwave
(Examples 2 and 3). The itial polymerization studies were
conducted on homopolymers of sebacic acid (SA) and 1,6-
bis(p-carboxyphenoxy )hexane (CPH) because of their wide-
spread acceptance as carriers for therapeutic compounds.

Example 1

Reactions of SA and CPH Prepolymer To Directly
Produce Polyanhydrides

Pure sebacic anhydride prepolymer was placed 1n a boro-
silicate vial with cap and subjected to microwave radiation
(1,100 watts) for 2 to 25 minutes. An identical procedure was
used for the polymerization of CPH diacid prepolymer. The
sebacic acid prepolymer (1) and the CPH prepolymer (2) have
the following structures:
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-continued

TOWO\/\/\/\O /Q/zo H ZM

whereinn is 1 to about 12. The microwave polymerizations of
sebacic anhydrnide prepolymer resulted in oligomers formed
with a large percentage of chains having an acid end-group,
which caused the polymerization reaction to terminate.

Catalysts were analyzed to determine their effect on the
molecular weight of polymers formed from prepolymers.
Catalysts such as calctum oxide, aluminum oxide, and silica
were added to the reaction vials. The results with catalysts
were similar to those obtained without catalysts: oligomers
with acid end-groups. Good results were obtained when the
prepolymer was subjected to microwaves heating on a glass
plate or 1n a bath of glass beads. Table 1 shows the polymer-
1zation experiment results using sebacic anhydride prepoly-
mer and catalysts 1n a microwave.

TABL.

1

(L]

Number-average molecular weight of samples polymerized 1n a
microwave using sebacic anhydride prepolymer. The sample ID is
labeled as type of catalyst_ time; SA refers to sebacic anhydride
prepolymer. SA_ prepolymer is the unreacted prepolymer.

M, Time
Sample ID g - mol™? DP min
SA_ prepolymer 2,017 11 —
SA__S10,5_ 4 min 1,482 8 4
SA__S10, 25 min 2,112 11 25
SA__AlL,O; 25 min 5,169 28 25
SA_CaO_ 10 min 2,929 16 10
SA_sand CaO 25 min 2,363 13 25
SA_ beads_ 70%_ 25 min 11,358 61 25
SA_ beads_ 7 min 7,542 41 7
SA_ plate_ 5 min 1,751 9 5

In Table 1, for the Sample ID “SA_beads  70%_ 25 min”,

70% refers to the power level of the microwave. For the
microwave used in this experiment, the percentage specified
how long the sample 1s exposed to microwave radiation over
the time period specified. This percent 1s 1 effect a dosage.
For example, for a 60 second exposure at 100%, the 1rradia-
tion would be continuous for the entire duration. At 70%, the
radiation would be “on” for 42 seconds of the 60 second

period. “Beads™ and “plate” refer to glass beads and a glass
plate, respectively.

The degree of polymerization (DP) was determined by
end-group analysis as described in the literature (F. A. Bovey,
“Chain Structure, Conformation of Macromolecules™, Aca-

demic Press, New York, N.Y. 1982, p. 259; McCann et al.
Polymer 1998, 40, 2151; and Ron et al. Macromolecules
1991, 24, 2278).

Poly(SA), poly(CPH), and SA-CPH copolymers have been
synthesized by conventional melt techniques with M in the
order 020,000 to 25,000 g:-mol~*, with and without the use of
catalysts from prepolymer. The microwave synthesis results
shown 1n Table 1 suggest that the prepolymer may be highly

15

20

25

30

35

40

45

50

55

60

65

2

reactive 1in the microwave and possibly thermally degraded
betore sullicient polymerization could commence.

Example 2

In-Situ Formation of Prepolymer from Diacid and
Microwave Polymerization

In-situ formation of prepolymer was performed by adding
equivalents of acetic anhydride to sebacic acid and reacting
the contents of the vial in the microwave with the vial cap on,
and then removing acetic acid and the excess acetic anhydride
betore polymerizing in the microwave.

Sebacic acid (0.100 g, 0.494 mmol) and acetic anhydride
(0.3003 g, 2.95 mmol) were placed 1n a borosilicate vial with
cap and subjected to microwave radiation (1,100 watts) for 2
minutes. The vial was then carefully removed from the micro-
wave. Acetic acid and unreacted acetic anhydride was then
evaporated (while hot) by an inert gas (argon) before replac-
ing in the microwave sans cap and subjected to microwave
radiation (1,100 watts) for 2 to about 25 minutes. The poly-
merization times were varied from 2 to 8 minutes for sebacic
acid and 10 to about 20 minutes for CPH polymerizations.
The results of the experiments are summarized in Table 2.

TABLE 2

Number-average molecular weight of all samples polymerized in the
microwave with in-situ prepolymer preparation. AA = number of
equivalents of acetic anhydride; SAc refers to sebacic anhydride

prepolymer; CPHACc refers to 1,6-bis-(p-carboxyphenoxy) hexane

prepolymer.

M,_6AA M,_9AA M_ 12 AA Time
Monomer (g-mol™!) DP (g-mol™!) DP (g-mol™) Dp (min)
SAC 4,973 23 3,089 17 2,223 12 2
SAc 6,460 35 3,359 18 3,674 20 3
SAC 10,441 56 8,290 45 5,044 27 4
SAc 14,582 78 8,916 48 8,554 46 5
SAC 13,229 71 9,162 49 7,616 41 6
SAc 8,547 46 8,392 45 8,384 45 7
SAC 5,080 27 11,678 63 5490 29 8
SAc (1 g) 3,134 17 3,025 16 3,538 19 6

M, 12AA M, 15 AA M 18 AA Time
Monomer (g-mol™) DP (g-mol™) DP (g-mol™) DP (min)
CPHACc 8,180 23 8,306 23 7,213 20 10
CPHACc 8,517 24 9,496 27 14,076 39 15
CPHACc 13,984 39 14,378 40 15,888 44 20

Results and Discussion

The CPH acid required longer times to attain high molecu-
lar weight. Experiments were performed to determine the
elfect of adding more acetic anhydride on the degree of poly-
merization. In general, the Mn of poly(SA) reached a maxi-
mum at about 5 minutes, with 6 equivalents of acetic anhy-
dride producing higher molecular weights than 9 or 12
equivalents of acetic anhydride. CPH acid yielded the highest
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M, when subjected to 20 equivalents of acetic anhydride for
20 minutes. It should be noted that all the polymers synthe-
s1zed with the microwave method were greater than 99% pure
as determined from NMR spectroscopy.

The maximum DP for sebacic acid samples was explained
by the ability to remove the excess acetic anhydride between
the acetylation reaction and polymerization. With more acetic
anhydride, 1t took longer to remove the excess between pre-
polymer formation and polymerization. It 1s possible that
when less acetic anhydride was removed there was a shift in
the polymerization reaction equilibrium.

Microwave polymerization of a larger batch size (1 g) of
polyanhydrides was also found to be feasible and such reac-
tions produced polymer after reaction for 5 to 6 minutes.
Lower batch sizes (100 mg), however, yielded higher-mo-
lecular-weight polymers for a given time and acetic anhy-
dride equivalence. This was attributed to a mass-transier limi-
tation of the removal of excess acetic anhydride from the
condensation reaction under the techniques employed.

All samples were dried under vacuum overnight before
characterization:

Poly(sebacic anhydride) (Poly(SA)). "H NMR (CDCl,):
5=1.3 (m, H®), 1.65 (m, H*), 2.2 (s, H® acetyl end), 2.3 (t, H’
a to acid end), 2.4 (m, H* a to SA-SA).

Poly[1,6-bis(p-carboxyphenoxy )hexane] (Poly(CPH)). 'H
NMR (CDCL,): 8=1.5 (m, H", 1.7 (m, H*), 2.2 (s, H® acetyl
end), 4.1 (m, H*), 6.95 (d, H*), 8.0 (d, H* CPH-End), 8.1 (d,
H* CPH—CPH).

Example 3

Preparation of SA/CPH Copolymer by Microwave
Polymerization

Copolymers of SA and CPH were prepared 1n a microwave
and compared to conventionally synthesized copolymers. SA
and CPH monomers were placed 1n a vial, acetic anhydride
was added, and microwave irradiation was conducted as
described in Example 2. The arrangement of the monomers 1n
the poly(CPH-co-SA) copolymers formed by microwave
polymerizations were found to be random (degree of random-
ness=1+/-9%). The results are summarized 1n Table 3 and 1n

FIG. 1.

TABL.

L1

3

Number-average molecular weights of copolymers polymerized in the
microwave with in situ prepolymer preparation. All samples were
polyvmerized for 15 minutes with 18 equivalents of acetic anhydride.

M,
Copolymer DP g - mol~? Degree of randomness
CPH-SA_ 13-87 50 17,918 1.03
CPH-SA__70-30 40 14,419 0.91
CPH-SA__87-13 40 14,419 0.97

All samples were dried under vacuum overnight before
characterization. Poly[1,6-bis(p-carboxyphenoxy)hexane-
co-sebacic anhydride] (poly(CPH-co-SA)). 'H NMR
(CDCl,): 8=1.35 (m, H®), 1.6 (m, H*), 1.7 (m, H*), 2.2 (s, H®),
2.3 (s, H®), 2.4 (t, H* a. to SA-SA), 2.6 (t, H* SA-CPH), 4.1
(m, H*), 6.95 (d, H"), 8.0 (d, H* CPH-SA), 8.1 (d, H* CPH—
CPH).

The degree of polymerization, average monomer segment
lengths, and degree of randomness were all calculated from
NMR spectra. The degree of randomness 1s a measure of
“blockiness™ of the copolymer. Values less than one are more
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block-like while values greater than one denote random
copolymer behavior. Polyanhydrides are considered to have
reactivity ratios of one; simply stated, they form random
copolymers when copolymerized with another anhydride.
This result was confirmed by the degree of randomness cal-
culation, which indicated that the copolymers formed by
microwave polymerizations are random. These results agree
with previously published values for the degree of random-
ness for the poly(CPH-co-SA) system obtained by conven-
tional polymerization techniques under vacuum (Ron,
Mathiowitz, Mathiowitz, Domb, and Langer, Macromol-
ecules 1991, 24, 22778). It should be noted that copolymers
with asymmetric monomer feeds (80:20, 20:80) have longer
sequence lengths of the component 1n excess, which 1s more
block like. This behavior has been demonstrated previously
for the conventional-melt polycondensation of poly(CPH-co-
SA).

Accordingly, microwave polymerization was showntobe a
novel technique to rapidly synthesize a large number of pure
polyanhydrides without the need to use vacuum or 1solate an
acetylated prepolymer before polymerization. This method
can produce number-average molecular weights comparable
to those obtained by conventional polycondensation under
vacuum while decreasing the time of reaction from 1.5 hours
(or days from diacid precursors) to 6 to 20 minutes depending,
on the character of the monomer. Microwave polymerizations
have been shown to work for small batch sizes up to samples
as large as about 1 gram.

All publications, patents, and patent documents are 1ncor-
porated by reference herein, as though individually 1ncorpo-
rated by reference. The mvention has been described with
reference to various specific and preferred embodiments and
techniques. However, 1t should be understood that many
variations and modifications may be made while remainming
within the spirit and scope of the invention.

What 1s claimed 1s:

1. A method for preparing a polyanhydride comprising:

irradiating one or more diacids, wherein the one or more

diacids comprise an aromatic dicarboxylic acid, an ali-
phatic dicarboxylic acid, or a mixture thereot, with
microwave radiation 1n the presence of a carboxylic
anhydride so as to acylate the one or more diacids to
yield at least one prepolymer, and

irradiating the prepolymer with microwave radiation so as

to polymerize said prepolymer to yield the polyanhy-
dride, as a homopolymer or a copolymer.

2. The method of claim 1 wherein the at least one prepoly-
mer comprises about 1 to about 12 diacid units.

3. The method of claim 1 wherein the mixture 1s polymer-
1zed to yield a random copolymer.

4. The method of claim 1, wherein at least one diacid
comprises a diacid-substituted C,-C,, straight or branched
chain alkane that 1s optionally interrupted by about 1 to about
5 —Ph— —O— —CH=—/CH—, or —N(R)— groups, or
combinations thereof, wherein R 1s H, phenyl, benzyl, or
(C,-Cy)alkyl; 1s optionally interrupted by about 1 to about 12
—OCH,CH,0O—; and 1s optionally substituted with 1, 2, or 3
(C,-Cyolalkyl, (C,-Cylalkenyl, trifluoromethyl, trifluo-
romethoxy, or oxo groups; or combinations thereof.

5. The method of claim 1, wherein the at least one diacid
comprises a 1,m-bis(carboxy)alkane.

6. The method of claim 1, wherein the at least one diacid
comprises a 1,m-bis(4-carboxyphenoxy)alkane.

7. The method of claim 4 wherein the alkane 1s a (C5-Cy)
alkane.

8. The method of claim 4 wherein the alkane 1s a hexane or
an octane.
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9. The method of claim 1 wherein the diacid 1s 1,6-bis(4-
carboxyphenoxy)hexane.

10. The method of claim 1 wherein the diacid 1s 1,6-bis
(carboxy)octane.

11. The method of claim 1, wherein the at least one pre-
polymer comprises a bis(carboxylic acid acetyl ester), or an
anhydride oligomer thereof.

12. The method of claim 1, wherein the at least one pre-
polymer comprises a 1,w-(4-acetoxycarbonylphenoxy)al-
kane, or an anhydride oligomer thereof.

13. The method of claim 1 wherein the prepolymer 1is
formed 1n situ by wrradiating a mixture of (a) a carboxylic
anhydride and (b) the aromatic dicarboxylic acid, the ali-
phatic dicarboxylic acid, or the mixture thereof, with an
amount of microwave radiation effective to form the prepoly-
mer.

14. The method of claim 1 wherein the carboxylic anhy-
dride comprises a bis-alkyl carboxylic anhydride, a bis-aryl
carboxylic anhydride, an alkyl-aryl carboxylic anhydrnide, or
a mixture thereof.

15. The method of claim 1 wherein the carboxylic anhy-
dride 1s acetic anhydride.

16. The method of claim 1 wherein a molar excess of the
carboxylic anhydride 1s employed and excess carboxylic
anhydride 1s removed after the prepolymer has formed.

17. The method of claim 1 wherein the radiation polymer-
1zation 1s conducted 1n the presence of an effective amount of
a catalyst.

5

10

15

20

25

18

18. The method of claim 17 wherein the catalyst comprises
glass beads or a glass surface.

19. The method of claim 1 wherein the irradiation of the
prepolymer or prepolymer mixture 1s carried out in the
absence of solvent.

20. The method of claim 13 wherein the 1rradiation of the
carboxylic anhydride and the aromatic dicarboxylic acid, the
aliphatic dicarboxylic acid, or the mixture thereot, 1s carried
out in the absence of solvent.

21. A method for preparing a polyanhydride comprising:

irradiating a prepolymer with microwave radiation so as to

polymerize the prepolymer to yvield the polyanhydnde,
as a homopolymer or a copolymer.
22. A method for preparing a polyanhydride comprising;:
irradiating one or more diacids, wherein the one or more
diacids comprise 1,m-bis(carboxy)alkane, 1,m-bis(car-
boxyphenoxy)alkane, or a mixture thereof, with micro-
wave radiation 1n the presence of acetic anhydride so as
to acylate one or more diacids to yield at least one
prepolymer, wherein the prepolymer 1s formed 1n situ by
employing a molar excess of the acetic anhydride;

removing excess acetic anhydride after the prepolymer 1s
formed; and

irradiating the prepolymer with microwave radiation so as

to polymerize said prepolymer to yield the polyanhy-
dride, as a homopolymer or a copolymer.
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